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OPTIMAL CONTROL ALLEVIATION OF TILTING PROPROTOR GUST RESPONSE

Wayne Johnson

Ames Research Center
and
U.S. Army Air Mobility R&D Laboratory

ABSTRACT

Optimal control theory is applied to the design of a control system for
alleviation of the gust response of tilting proprotor aircraft. Using a
proprotor and cantilever wing analytical model, the uncontrolled and controlled
gust response is examined over the entire operating range of the aircraft
except for hover: helicopter mode, conversion, and airplane mode flight.
Substantial improvements in the loads, ride quality, and aeroelastic stability
are possible with a properly designed controller. A single controller,
nominally optimal only at the design point speed (160 knots here), operated
efficiently over the entire speed range, with the possible exception of very
low speed in helicopter mode. Kalman-Bucy filters were used as compensation
networks to provide state estimates from various measurements in the system.
Efficient control requires the measurement of the wing motion, rotor speed
perturbation, and tip-path-plane tilt.

INTRODUCTION

The tilting proprotor aircraft i1s a promising concept for short haul,
V/STOL missions. The successful operation of this aircraft will require an
acceptable level of loads and ride quality in response to atmospheric turbu-
lence. Small V/STOL aircraft operating at low altitudes will be expected by
users to have ride qualities at least as good as current large jet-transport
aircraft.

A number of studies have established the influence of gust response on
the design of tilting proprotor aircraft. A representative proprotor design
encounters design limit blade loads due to vertical gusts in high speed air-
place mode flight, and design limit drive train loads due to asymmetric
longitudinal gusts (ref. 1). The cabin acceleration response to vertical
gusts has been found to be about the same as that of a conventional aircraft
of similar size (a higher wing loading offsetting the proprotor effects),
while the response to lateral and longitudinal turbulence is somewhat higher
than for a conventional turboprop aircraft (ref. 2). It is concluded therefore
that some ride quality improvement will be required for extensive utilization
of the tilting proprotor aircraft on V/STOL missions. Another interesting
factor is that design variations to reduce tiltrotor noise tend to increase
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the gust response. One study has shown a 507 increase in the vertical accel-
eration due to vertical gusts in cruise, for a 5 PNdB noise reduction (ref.3).

We wish to consider the design of a feedback control system for allevia-
tion of tilting proprotor aircraft gust response. The primary interest at
this stage is in what improvement of the loads and ride quality is feasible
with a properly designed controller, and the characteristics of the measure-
ments and control required to achieve it. Optimal control theory will be used
to design a gust alleviation system. A Kalman-Bucy filter will be used as a
compensation network to provide a state estimation from various measurements.
The report begins with a discussion of the analytical model for the proprotor
dynamic behavior. Then the control design process will be briefly discussed.
Finally the results for the uncontrolled and controlled gust response of a
tilting proprotor will be examined over the entire range of operation: heli-
copter mode, conversion, and airplane cruise mode flight.

PROPROTOR MODEL

An analytical model has been developed for the aeroelastic behavior of a
tilting proprotor and cantilever wing (refs. 4 and 5). The dynamic system 1is
described by a set of linear differential equations. This model has been
applied (in ref. 6) to the dynamics of two full-scale proprotor designs: a
gimballed, stiff-inplane rotor and a hingeless, soft-inplane rotor. The
uncontrolled dynamic stability and aeroelastic behavior was investigated
(ref. 6), including a consideration of what elements of the analytical model
are required for an adequate representation of the dynamics, and a comparison
with the results of full-scale tests, These studies (refs. 5 and 6) have
concluded that the rotor model required for an analysis of proprotor dynamics
consists of the following degrees of freedom: the first two bending modes per
blade (first out-of-plane mode and first inplane mode); gimbal pitch and yaw
for a gimballed rotor; and the rotor speed perturbation, including engine
inertia and damping effects. The rotor blade pitch motion was found to have a
significant role in the dynamics. For control investigations however, it is
important to keep the order of the system as low as possible. Thus the blade
pitch dynamics are included by using a quasistatic model, which does not add
degrees of freedom to the system. The quasistatic torsion representation has
been shown to be an adequate model for the flight conditions considered here
(ref. 6).

The rotor speed perturbation (@.) has an important role in the dynamics
of tilting proprotor aircraft (refs. 5 and 6). With a turboshaft engine the
rotor beshaves nearly as i€ windmilling as far as its dynamic behavior is
concerned. The engine inertia and damping are included in the yg dynamics,
since they do have some influence (ref. 5). A rotor speed governor is also
included, consisting of integral feedback of the rotor speed error measured
with respect to the pylon, to rotor collective pitch, with a small lead in
helicopter mode to increase the damping of the rotor rotational motion. The
governor has a very long time constant however, so it does not have much
influence on the dynamics (ref. 5). The rotor model used is valid for high
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and low inflow, and for axial and nonaxialL flight. Hence it is applicable to
the entire range of proprotor operation: helicopter, conversion, and airplane
cruise modes. In nonaxial flow a constant coefficient approximation is used
for the equations of motion. This is a good representation of tilting prop~
rotor dynamics in helicopter forward flight and conversion because of the low
advance ratio characteristic of the operation of this aircraft (ref. 6).

The proprotor and cantilever wing configuration contains the basic
features of the tilting proprotor aircraft aeroelastic behavior, specifically
the high inflow aerodynamics of the rotor and the coupling of the rotor and
elastic wing motion. In addition this model is simpler, and most importantly
of lower or-er than a complete aircraft model. Hence it is appropriate for an
initial investigation of the optimal control alleviation of proprotor gust
response. Investigation of the response and control system design for an
actual proprotor aircraft would of course require replacement of the cantilever
wing by a more complete support model. For the wing motion we consider the
three lowest frequency degrees of freedom: first mode vertical bending, first
mode cnordwise bending, and first mode torsion.

For controls the rotor collective and cyclic pitch (both axes of cyclic),
and a wing flaperon are considered. The flaperon control is a 30% chord
trailing edge control surface extending over the outer 50% of the span of the
wing. We consider three components of aerodynamic gust: longitudinal,
lateral, and vertical. The three components are assumed to be independent,
and each 1s uriform throughout space.

The control system analysis will be applied here primarily to a gimballed,
stiff-inplane rotor. A complete description of this rotor and wing is given
in reference 6. The rotor has three blades, of radius 3.81 m. The flap
frequency is nearly vg = l/rev (the rotor does have a weak hub spring, and
positive pitch/flap coupling); and the lag frequency is vp = 1.2 to 1.5/rev,
depending on the collective pitch and rotor speed. T' wing has natural
frequencies of .42/rev in vertical bending and .70/rev in chordwise bending
(at cruise mode rotor speed), which are typical of tilting proprotor aircraft.
A hingeless rotor design will also be considered, in order to examine the
influence of the rotor type on the gust response and control design.

In summary, the proprotor and wing model used in the present analysis
consists of the following degrees of freedom: rotor gimbal pitch and yaw
tilt, rotor coning (8o, a blade elastic bending mode), two cyclic lag modes
(giving respectively lateral and vertical displacement of the net rotor center
of gravity), and the rotor rotational speed perturbation i,; and the wing
vertical bending, chordwise bending, and wing torsion. There are a total of
nine second-order degrees of freedom, hence 18 gtates in the system. There
are four controls: rotor collective, lateral cyclic, and longitudinal cyclic
pitch; and wing flaperon. Finally the three gust components are the external
disturbance of the system.
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CONTROL SYSTEM DESIGN

Optimal Controller

Optimal control theory will Le used to design a gust alleviation system.
The theory constructs a feedback controller for a linear system, to minimize
a quadratic performance index (ref. 7). Consider a linear, time-invariang
system (i.e., the proprotor and wing). Let x be the vector of the system
states (degrees of freedom), u the vector of controls, and g the vector of
gust components. The system is described by a set of constant coefficient,
linear differential equations:

X =« Fx + Gu + Dg

where F, G, and D are constant matrices. Define the quadratic performance

index as follows:
J -J. (xTAx + uTBu)dt
°

where A 1is a constant, symmetric, and nonnegative definite matrix; and B is
constant, symmetric, positive definite. Only the case where A and B are
also diagonal is considered. The control problem is to find a control law for
u to minimize the performance index for arbitrary excitation of the system by
the gust disturbance. The solution is the optimal deterministic controller
(ref. 7), which is linear state variable feedback, u = -Cx, where

C =353 lGTS and S 1s the constant, symmetric, positive definite matrix
solution of the Ricatti equation

AT
SF+F'S ~SCB GS+A=0

The Ricatti equation is solved by Potter's methol (ref. 8).

The diagonal elements of the weighting matrices A and B may be inter-
preted as (xmax)- and (upay )2 respectively (ref. 6). Only the relative
magnitudes of the weights in the performance index are important, since any
common factor simply scales J. ,Based on the solution for a first order
system, we may interpret (A/B)! 1/2 g9 the “gain" of the system, which determines
the level of the feedback control. No weight is placed in A on those states
corresponding to the velocities of the degrees of freedom; it is sufficient to
constrain the displacement (adding a constraint on the velocities may be done
with a single additional parameter, representing the frequency content of the
allowable motion). In summary, A and B are diagonal, with no constraint in A
on the velocities of degrees of freedom. The remaining elements of the
weighting matrices are chosen so the rms acceleration of the wing and rotor
motion have about the same gcrcent reduction at high gain. For the gimballed
rotor, & weight of 0.1 rad™“ was used for the rotor flap, lag, and w degrees
of freedom; a weight of 1.0 fot the rotor coning and the wing dogrcol of free-
dom; and a weight of (gain)~2 for the controls (B). For most of the results
presented here a gain of 10 was used.




State Estimation

To design a compensation network we consider a Kalman-Bucy filter to
estimate the states from various measurements. The control problem is as
defined above, except that we no longer assume perfect knowledge of the system
states for the feedback law. Now a limited number of noisy measurements are
considered. Let =z be the vector of the measurements, z = Hx + v, where H
is a constant matrix; and v 1is stationary, white, Gaussian measurement noise,
with zero mean and a covariance E[v(t)vT(r)] = R6(t - 1). R is a constant,
symmetric, positive definite correlation matrix. The control problem is to
find the control law for u which minimizes the expected value of the
performance index for a system with measurement and process noise. The process
noise in this case is the aerodynamic gust disturbance (discussed below). The
solution is the optimal controller together with the ste.es estimated by a
Kalman-Bucy filter (ref. 6). Thus we have linear feedback, u = -Cxe,
where C 1is the same matrix as the optimal deterministic controller above,
and x, is the estimate of the state which must be obtained from the measure-
ments z. The Kalman-Bucy filter gives a maximum likelihood/minimum variance
estimate of the state:

X, = er + Gu - K(z - er)
where K = -PHIR™! and P is the solution of the matrix Ricatti equation
FP + PFL - PHIR"1HP + DQDT = 0

Q is the correlation matrix of the process noise (the gust). For the measure-
ment noise, it is assumed that R 1is diagcnal with elements equal to

(1082)~! sec; this corresponds to broadband noise with say a level of .07 deg
rms and a 3/rev break frequency.

Gust Model

The Kalman-Bucy filter assumes white process noise. The aerodynamic gust
is not well represented by a constant spectrum however, rather the gust
strength is concentrated at low frequencies. A Markov-process gust model is
used to obtain the appropriate gust spectrum (ref. 9). The vector of the
three gust components is g; let

.. 1
g=-qoEtv

vhere G is the correlation time of the gust; and w _is stationary, white,
Gaussian noise with zero mean and a correlation E[w(t)w (1)] = Q_ &(t - 1).

is a constant, symmetric, non-negative definite matrix. It 15 assumed
that Q; 1s diagonal, with all elements equal to 208/ .

Hence the gust velocity is a Markov process. The three components are

uncorrelated, with identical statistics. Each component of g has zero mean
and & covariance E(g?) = (1/2)Qgtg = oé. So o, is the rms level of the gust
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velocity. The gust spectrum is

2
g.“T
s =66 1

G T 1+ (TGw)2

Thus the gust velocities are included in the state vector, and the first order
equations for g to the system differential equations. The process noise for
the resulting system is w (which directly excites only the gust velocities);
w 1is white noise, as the analysis requires. Although g is added to the
system states, there can of course be no constraint on the gust in the perfor-
mance index (i.e., in the matrix A). The control matrix C includes feedback
of the gust components now, but it is found here that they are small; 1in any
case, the elements in C corresponding to the actual system degrees of free-
dom are independent of the inclusion of the gust model.

The above gust spectrum compares well with the more usual von Kérmén
spectrum. We identify t; by matching to the von Kirman spectrum at frequency
w = 0, obtaining 15 = L/2V, where L is the gust correlation distance, and V
is the aircraft flight speed. A comparison of the von K4rm4&n spectrum with
the present approximation shows that the two spectra are quite close (ref. 10),
as expected since both the low frequency level and the rms values have been
matched. A correlation length of L = 120 m is used, which i1s typical of low
altitude turbulence (ref. 11). For the gust strength og, 2 m/sec is typical
of clear air turbulence (CAT), and 6 m/sec for thunderstorms (refs. 12 and 13).

Finally, note that the gust model is based on Taylor's hypothesis, that
for an aircraft flyiug with velocity V through a turbulence field in space,
the gust spectrum with time frequency w 1s obtained from the spectrum with
space frequency Qy by the substitution w = VQ,. It has been established that
that this is a good model for turbulence, but it is not valid at V = 0. Thus
we are not designing a controller for hover or very low speed operation of the
proprotor aircraft (only speeds 40 knots and above are considered).

System Performance

To determine the control system performance, the open and closed loop
dynamic stability are examined, in particular the damping ratio cf the wing
bending modes, which are the critical modes for proprotor dynamics. Further-
more we consider the rms response of the wing and rotor to aerodynamic gust
excitation. The covariance matrix X = E(xxT) is obtained directly from the
matrices in the equations of motion (ref. 9). The rms response is given per
unit rms gust level. For the wind motion we examine the rms acceleration at
the wing tip (vertical and chordwise) in g's per m/sec of gust velocity. For
the rotor flap and lag motion we consider the rms response in the rotating
frames, in degrees per m/sec of gust velocity. The response in the rotating
frame is given by the square root of the sum of the squares of the response in
the nonrotating frame. For example, the flap motion B 13 ohtained from the
gimbal pitch and yaw (Bjc and B1g) by B = .707 (8,2 + B15)!/2; the result for
the cyclic lag motion (Z) is similar. In general, this is simply a measure of
the total cyclic flap and lag response.




RESULTS AND DISCUSSION

Operating State

Figure 1 shows the operating states considered for the gimballed prog-
rotor: the schedule of rotor tip speed (iR), pylor angle (op), and thrust
coefficient-solidity ratio (Cp/oc) as a function of flight speed. The resulting
advance ratio p (the component of forward velocity parallel to the disk plane,
divided by the tip speed), and inflow ratio A (normal velocity component
divided by tip speed) are also shown. The entire range of tilting proprotor
operation is covered, from O to 280 knots at sea level standard conditions.
Helicopter forward flight extends up to 80 knots. The pylon is converted from
vertical to horizontal for V = 80 to 140 knots. Then in airplane mode, V = 140
to 160 knots, the wing flaps are raised and the rotor speed reduced. Finally
airplane mode cruise extends to 280 knots. This conversion path corresponds
roughly to the center of the conversion corridor of a representative tilting
proprotor aircraft. Additional details of the operating state, and a discus-
sion of the open loop dynamics, are given in reference 6.

Proprotor Gust Response

Figure 2 shows the gust response of the proprotor and wing over the speed
range from 40 to 280 knots. We shall first examine the uncontrolled response.
The rms rotor flap response is a maximum in high speed cruise, reaching about
.45 deg/m/sec. This compares well with calculations for the complete aircraft,
which give .3 to .5 deg/m/sec for V = 200 to 260 knots (ref. 2). The rms gust
strength is typically 6 m/sec in thunderstorms, and 2 m/sec in clear air turbu-
lence (CAT). Thus the 30 flap response in CAT is of the order 2.6°. The flap
response is not a loads problem for a gimballed rotor (unless the gimbal stops
are encountered), but the large rotor flapping is involved in the excitation
of the rest of the system. The rms rotor lag response increases greatly with
speed, to about .26 deg/m/sec here. This cyclic lag motion produces blade
loads for the gimballed rotor, the response at high speed cruise corresponding
to the rotor design limit loads typically (ref. 1).

The wing tip vertical acceleration increases greatly with speed, to about
.4 g/m/sec. This compares with about .2 g/m/sec calculated for the vertical
acceleration at the crew station due to vertical gusts with a complete aircraft
model (ref. 2). The trend with speed is similar for the cantilever wing and
complete aircraft calculations, with a gust glleviation factor of about 2 for
the crew station acceleration compared with the wind tip acceleration (note
however that the former was calculated for a 3000 m altitude, and a gust
correlation length of L = 300 m). Figure 2 gives a 30 wing tip veut:ical
acceleration in CAT of 2.4g at maximum speed, which is very high. T[he wing
tip chordwise acceleration is low in helicopter mode, increases in conversion
(due to the response to rotor thrust perturbations), and is roughly constant
in airplane mode. Figure 2 gives about .12 g/m/sec, compared to about
.07 g/m/sec for the crew station longitudinal acceleration response to longi-
tudinal gusts with a complete aircraft model (ref. 2). The 30 wing tip chord-
wise acceleration in CAT is then of the order .7g.
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Optimal Deterministic Controller

Figure 2 compares the gust response for the proprotor and wing uncon~
trolled and with the optimal deterministic controller. The control system
accomplishes a substantial reduction in the gust response. At maximum speed
the closed loop flap and lag response is about 5% cf the open loop response,
and the wing tip acceleration is reduced to about 107 of the open loop level.
The 30 flap response in CAT is of the order 0.1°, and the wing tip vertical
acceleration 0.3g. Note that the gust response of the controlled system is
relatively independent of speed, in contrast to the large increases with V
for the loop response. Figure 2 also shows the damping ratio of the wing
vertical bending mode. The wing modes are an important factor in the proprotor
gust response. Thelr natural frequencies are fairly high compared to the gust
frequencies, but the resonant response is high because of the very low damping
(ref. 14). Hence the control system greatly increases the wing mode dynamic
stability in order to reduce the gust response.

The wing flaperon control motion required increases roughly linearly with
speed, as the flaperon aerodynamic effe-tiveness increases, to about .18 deg/
m/sec at maximum speed. The rotor collective pitch control required is around
.2 to .3 deg/m/sec over the entire speed range. The cyclic control increases
with speed in helicopter and conversion modes, and is nearly constant in
airplane mode at about .22 deg/m/sec. Thus the 30 flaperon and rotor control
required in CAT is of the order of 1.2°, which is a reasonable level.

The implementation of the optimal controller would require that the feed-
back gains be programmed with the proprotor operating state, since a different
control system is designed for each condition. It is preferable to use a
single controller over the entire operating range. There are large changes in
the open loop dynamics however, due to the variations of the flight speed,
rotor speed, and especially pylon angle; hence it is not necessarily expected
that a single controller will be feasible. Figure 2 also shows the closed
loop gust response using a single controller designed for optimal response at
160 knots. It is observed that nearly the same performance is achieved with
this single controller as w’th the optimal controller for each speed — even
in conversion mode where the pylon angle is changing. There is some degrada-
tion in the performance at low speed in helicopter mode however; for example,
the wing chordwise bending mode damping (not shown) is actually reduced at
40 knots. We are not designing a controller for hover and very low speed
anyway of course. If necessary the controller could probably be programmed
with the pylon angle without too much difficulty.

The controller designed by this process is not simple. The state vari-
able feedback matrix C has 84 elements (18 states, 3 gust components, and 4
controls). While many of the elements are negligibly small, the remaining
feedback loops comprise a fairly sophisticated system. For example, for the
160 knot controller the major loops are: V., @.. rotor coning, wing motion
and wing velocity feedback to rotor collcctzve; rotor flap and lag motion,
flap and lag velocity, wing motion and wing velocity feedback to rotor cyclic;
and wing vertical bending velocity feedback to wing flaperon. There are two
particularly notable loops. The wing flaperon control is almost entirely
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feedback of the wing velocity: &ép = ~Kq, . The wing lift due to the flaperon
is directly responsible for the large increase in the wing vertical bending
mode damping. The other loop is the yg feedback to collective pitch, which i.
essentially a very tight governor on the rotor speed: 8o = Kyug + Kpbg. The
integral gain K; equals 18.8 deg/sec/rpm over the entire speed range, which is
very high (0.1 to 0.5 deg/sec/rpm would be typical of a governor designed for
power management). The lead in the network is small, KP/KI = .03 to .10 sec.
Essentially this loop eliminates the rotor speed perturbations from the dynam-
ics, which has a general stabilizing influence (ref. 6).

Gain Sweeps

Figures 3 and 4 present the wing tip vertical acceleration, wing vertical
bending mode damping ratio, and rotor flap response for a gain sweep at
V = 240 knots (in airplane cruise mode). Increasing the gain decreases the
weight in the performance inde: on the control motions compared to the rotur
and wing motions, thus producing tighter control. The results of figure 2
were for a gain = 10, which we see achieves most of the gust response reduc~
tion possible (with this particular design process and performance index).
The only significart improvement with higher gain is a lower wing vertical
acceleration response. Above a gain = 10 there is little increase in the rotor
control motion, so most of the improvement at higher gain is due to a larger
wing flaperon control motion (which increases roughly linearly with gain).

Figures 3 and 4 compare the controlled response with and without the wing
flaperon control, demonstrating the important role of this control in the gust
alleviacion system. Without the flaperon control, a closed loop wing tip
vertical acceieraticn response of only .085 g/m/sec 1s achieved (3¢ response
in CAT order .5g). The wing flaperon allows a substantially greater reduction
in the wing respcnse, and also allows the rotor controls to reduce the rotor
response more. The wing vertical bending mode achieves only about 122 critical
damping without the flaperon control. The flaperon allows a direct, powerful
control of the wing vertical bending mode, which has a central role in the
proprotor dynamic stability and gust response. The effectiveness of such a
control surface would certainly require experimental verification, for it
depends on viecous, unsteady, and three-dimensional aerodynamic effects; and
on the structural limitations to the flap oscillations. It is concluded
though that the wing flaperon should definitely be included in the controller
design.

Now let us examine the control system design considering only part of the
system. Figure 3 shows the wing response for an optimal controller designed
with performance index waights on the rotor motion only (and with no flaperon
control either). The closed loop gust response of the rotor (not shown)
remains satisfactory; it is even somevhat smaller than with the performance
index constraint on all degrees of freedom. There is a moderate reduction in
the wing motion still, since much of the rotor response is dus to the wing
motion. The 30X reduction (to .lo g/m/sec) in wing tip vertical acceleration
achieved is not satisfactory perfo:aance however. Moreover, the damping ratio
of the wing vertical bending mode !s actually decreased by the control systea
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when the wing motion is not considered in the design (fig. 3). Such a dynamic
stability degradation is not acceptable. Such behavior of a control system
designed considering the rotor alone has been observed in full-scale tests of

a proprotor and a cantilever wing (ref. 15). Figure 5 (from ref. 15) shows
the performance obtained with integral feedback of the longitudinal flapping

to longitudinal cyclic (els = -KBIC). A substantial reduction of the transient
flapping is achieved, but at the expense of increased wing vertical bending
motion (the transient motion was obtained by step cyclic ccantrol inputrs). With
integral feedback, the steady state flap response was zero, and increasing the
gain improved the transient flap dynamics (with reduced flap damping however).
The increased wing response for the uncompensated network was unacceptable
however, and the wing vertical bending mode damping (not shown) was decreased
also, with an unstable point at a gain of 5 for 265 knot.. Lagged position
feedback of the rotor flapping was also tried. This loop was somewhat more
effective than the integral network in reducing the transient flapping, but
produced more wing response; there was ..so a reduction in stability with gain.
With a combination of integral and lagged position feedback, a reduction in
transient flapping of about 302 was achieved with only a small damping reduc-
tion and increase in wing motion (combinations were also found with worse
performance).

Alternatively, we may examine the control system design with only the
wing motion considered. Figure 4 shows the rotor flapping response as a func-
tion of gain for an optimal controller designed with performance index weights
on the wing motion only (and no flaperon control again). The resulting
controller has virtually no feedback of the rotor degrees of freedom. The wing
response and damping (not shown) remain satisfactory; a damping ratio of the
wing vertical bending mode above 30X critical is achieved even with no flaperon
control. The rotor response however is unacceptable. The flap response at
high gain is even larger than open loop. The behavior of the cyclic lag
motion, hence the blade loads, is similar.

It is concluded that a satisfactory controller design requires a consid-
eration of the complete dynamic system, not just the motion of the wing or the
rotor alone. Relaxing the constraint on part of the system allows only a
small improvement in the response of the rest, which does not compensate for
the deterioration of the dynamic behavior of the unconstrained motions. The
optimal control analysis provides a m2ans to design controllers considering
the entire system, both rotor and support, although the resulting designs are
by no means simple.

Measurements

We have found that the optimal controller is linear state feedback, with
major loops involving almost all the degrees of freedom of the system. As an
alternative to measuring all the degrees of freedom, let us consider the use
of a compensation network to estimate the system states from a limited number
of measurements. A Kalman-Bucy filter is used for the compensation network.
The question is vhat measurements are required to satisfactorily control the
systen. TPFigure 6 shows the rotor flap and wing tip vertical accelevation gust
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response for various measurements, to be compared with the open loop and opti-
mally controlled results of figure 2. Without a measurement of the rotor
rotational speed perturbation (¢g}, satisfactory control is not generally
possible (the closed loop response can be degraded so far as to be larger than
open loop even). The important role of yg in the pruprotor dynamics and
control has been pointed out. Since the rotor behaves nearly as if windmilling,
an accurate estimate of the rotational spee’' perturbations from the motion of
the other degrees of freedom is not possible. It is necessary to measure Vg
directly. Figure 6 shows that the flap response remains high with measurements
of the wing motion and the rotor speed perturbation only. It is necessary to
also measure the rotor flap motion (8, i.e., gimbal pitch and yaw) to achieve
satisfactory control of both the wing and rotor motions. Adding measurements
of the rotor coning and lag motion (Bo, z), which must be obtained in the
rotating frame, does not improve the performance much; certainly not enough in
view of the great difficulties in obtaining such measurements. The rotor tip-
path-plane tilt for the gimballed rotor may be measured in the nonrotating
frame however.

It is observed in figure 6 that by measuring the wing motion and the gust
velocities, i.e., the disturbances which are exciting the system, the gust
response may be reduced nearly to the level obtained with perfect knowledge of
the states. (Performance almost this good can be obtained by measuring only
the gust velocities in fact.) Measuring the excitation is therefore a very
efficient means to estimate the states and thus achieve nearly the optimum
controller performance. It is assumel of ccurse that the model of the rotor,
support, and gust dynamics used in the Kalman-Bucy filter is an accurate
representation of the real system. Errors in the model will degrade the
performance.

In summary, a compensation network may be used to reduce the measurements
required for the proprotor gust alleviation control system. The measurements
required for satisfactory control are the wing motion, the rotor rotational
speed perturbation, and the rotor tip-path-plane tilt., Measurements in the
rotating frame are thus not really required for a gimballed proprotor. An
excellent source of information is the measurement of the exciting gust veloc-
ity itself, assuming that &n accurate model is available to estimate the
states from the excitation. The compensation network we have used, » Kalman-
Bucy filter, is certainly not simple of course. It is also noted that the
filter tends to be more sensitive than the deterministic controller to off-
design operation and to errors in the system model.

Antisymmetric Dynamics

A major difference between the symmetric and antisymmetric dynamics of
the proprotor sircraft is the effect of the interconnect shaft on the anti-
sysmatric motions (refs. 2 and 3). The interconnect shaft introduces a
strong spring on the rotor azimuth perturbation, so the ¥4 root becomes an
oscillatory mode with a frequency above .5/rev. The spring changes the phase
of v, relative to the wing motions, with a substantisl impact on the dynamic
otab!ltty and gust response (the wing vertical bending mode is stabilized, and
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the chordwise mode destabilized). The antisymmetric dynamics may be repre-
sented with the proprotor and cantilever wing model by simply including the
interconnect shaft spring. The open loop gust response for antisymmetric
motions is close to that for symmetric motions; the only significant difference
is about 25% lower wing tip vertical acceleration, due to the higher damping

of that motion. The 3¢ response of the wing tip vertical acceleration in CAT
is of the order 1.8g at max speed. The closed loop (optimal controller) gust
response is virtually identical for the symmetric and antisymmetrric motions.

The major difference between the symmetric and antisymmetric motions is
that for the latter the rotor azimuth perturbations result in interconnect
shaft and drive train loads, which may be significant. Indeed, for a typical
proprotor aircraft, design limit drive train loads are encountered due to anti-
symmetric longitudinal gusts in cruise mode. Figure 7 shows the gust response
of the rictor azimuth perturbation for the case of antisymmetric motion and
gusts. The open loop response increases to .3 deg/m/sec at maximum speed,
which we may consider a measure of the design limit loads. The optimal
controiler produces a gust response which varies little with speed, ard is
about 15% of the uncontrolled level at maximum speed.

Hingeless Rotor

To examine the influence of the rotor type on the proprotor gust response
and control, we also consider a hingeless, soft~..plane proprotor. A complete
description of the rotor is given in reference 6. The rotor has three blades,
and a radius of 3.96 m. The flap frequency is approximately v, = 1.35/rev in
criuise mode, and the lag frequency V. = ,75/rev (the flap frequéncy is somewhat
lower in helicopter mode because of the higher rotor speed). The uncontrolled
dynamics of the hingeless proprotor are discussed in reference 6. There are
major differences compared with the open loop dynamics of the gimballed rotow,
due to the placement of the natural frequencies of the blade flap and lag
motions. It is found however that the controlled dynamics and gust response
of the gimballed and hingeless rotors are very similar, tecause for high gain
it is the feedback loop which determines the system characteristics. A
detalled, parallel study of hingeless and gimballed proprotor gust r¢ ponse
and alleviation is given in reference 14,

Figure 8 shows the rms rotor lag and wing tip vertical acceleration
response to gust, for the uncontrolled and optimally controlled system. The
flap response is similar to the lag response, but smaller; the two blade
motions give about the same blade loads for this rotor, so the lag response is
critical. The 30 response of the rotor lag motion in CAT is of the order
3.2°, which 18 quite high. The rotor response is reduced to about 10% of the
open loop value by the optimal controller. The 30 response of the wing tip
vertical acceleration in CAT is of the order 1.3g, which is reduced to about
+2g by the control system. Figure 8 also shows the gust response using a
Kalman-Bucy filter to estimate the states from various measurements. As for
the gimballed rotor, it is concluded that it is necessary to measure the wing
wotion, the rotor speed perturbation, and the rotor tip-path-plane tilt for
adequate performance of the control system. Measuremants of the rotor coning
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and cyclic lag motion are still not required. To obtain the tip-path-plane
measurement for a hingeless rotor, either the hub moment must be measured in
the nonrotating frame, or the blade root bending in the rotating frame.

Neither measurement is easily obtained, so the practical implementation of the
control system is more difficult than for the gimballed rotor. The alternative
of measuring the gust velocities to estimate the states indirectly from the
excitation is more attractive for the hingeless rotor therefore, and thus the
accuracy of the rotor, support, and gust models becomes a more important
factor.

CONCLUDING KREMARKS

From this optimal control investigation, it is concluded that a substan-
tial improvemenv in the tilting proprotor gust response is possible with a
properly designed controller, including improved ride quality, reduced rotor
loads and motion, reduced pylon vibration, reduced drive-train loads, and
improved dynamic stability. The state variable feedback designed here is not
simple however, involving feedback of almost all the wing and rotor states.
We have demonstrated the importance of considering the entire system in the
controller design, not just the rotor or wing alone; and the usefulness of the
wing flaperon control in a gust alleviation system for proprotor aircraft.
Efficient control requires the measurement of the wing motion, the rotor speed
perturbation, and the tip-path-plane tilt. The only real difficulty is with
the measurement of the tip-path-plane tiit or hub moment for a hingeless rotor.
An alternative is to measure the exciting disturbance, from which a very good
estimate of the states may be obtained if an accurate model of the system is
available. Finally, it was found that a single controller operated efficiently
over the entire speed range, even though it is nominally optimal only for the
design point (160 knots). The gust alleviation system may however require
programming with nacelle tilt or speed because of some degradation in perfor-
mance at very low speed; but the design of controllers for hover has not been
considered at all.

The next steps in the investigation are fairly clear. A complete model
of the tilting proprotor aircraft, including the rigid body modes and a
detailed control system model, is required to proceed. Two major areas still
to be examined are the design of a controller for gust alleviation in hover
and very low speed, and the influence of the gust alleviation system on the
aircraft handling qualities. Then we may consider the design of a practical
gust alleviation control system for actual tilting proprotor aircraft, to be
tested in the wind tunnel and flight.
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Figure 2.~ Gimballed proprotor and wing gust response uncontrolled, with
optimal controller, and with 160 knot controller. Rme flap and lag

motion per rms gust velocity, rms wing tip vertical and chordwise
acceleration, and wing vertical bending mode damping ratio.
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flaperon control, and the effect of designing optimal controller
with constraint on the rotor motion only.
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